Eosinophil migration in vivo is markedly attenuated in rats treated chronically with the NO synthase (NOS) inhibitor N -nitro-L-arginine methyl ester (L-NAME). In this study, we investigated the existence of a NOS system in eosinophils. Our results demonstrated that rat peritoneal eosinophils strongly express both type II (30.2 ؎ 11.6% of counted cells) and type III (24.7 ؎ 7.4% of counted cells) NOS, as detected by immunohistochemistry using affinity purified mouse mAbs. Eosinophil migration in vitro was evaluated by using 48-well microchemotaxis chambers and the chemotactic agents used were N-formyl-methionyl-leucyl-phenylalanine (fMLP, 5 ؋ 10 ؊8 M) and leukotriene B 4 (LTB 4 , 10 ؊8 M). L-NAME (but not D-NAME) significantly inhibited the eosinophil migration induced by both fMLP (54% reduction for 1.0 mM; P < 0.05) and LTB 4 (61% reduction for 1.0 mM; P < 0.05). In addition, the type II NOS inhibitor 2-amino-5,6-dihydro-6-methyl-4H-1,3-thiazine and the type I͞II NOS inhibitor 1-(2-trifluoromethylphenyl) imidazole also markedly (P < 0.05) attenuated fMLP-(52% and 38% reduction for 1.0 mM, respectively) and LTB 4 -(52% and 51% reduction for 1.0 mM, respectively) induced migration. The inhibition of eosinophil migration by L-NAME was mimicked by the soluble guanylate cyclase inhibitor 1H-[1,2,4] oxadiazolo [4,3,-a] quinoxalin-1-one (0.01 and 0.1 mM) and reversed by either sodium nitroprusside (0.1 mM) or dibutyryl cyclic GMP (1 mM). We conclude that eosinophils do express NO synthase(s) and that nitric oxide plays an essential role in eosinophil locomotion by acting through a cyclic GMP transduction mechanism.
Delayed eosinophil infiltration into sites of inflammation is usually observed by using a number of inflammatory agents and different animal species (1) (2) (3) (4) (5) (6) . Although the role of eosinophil accumulation in inflamed tissues is still unclear, these cells have been implicated in host defense mechanisms in parasitic infestation and in the pathogenesis of allergic, immunological, and malignant disorders (7) . Eosinophils synthesize and release proinflammatory substances, including the preformed granular basic proteins (major basic protein, eosinophil cationic protein, eosinophil peroxidase, and protein X) and de novo synthesized products (eicosanoids, platelet-activating factor, oxygen metabolites, cytokines, and neuropeptides) (8) (9) (10) (11) .
NO release and synthesis by inflammatory cells such as macrophages (12) , polymorphonuclear (13) (14) (15) (16) , and mononuclear (14, 16) cells is well documented, and the presence of inducible NO synthase has recently been shown in human eosinophils (17) . In addition, the chronic treatment of rats with the NO synthase (NOS) inhibitor N -nitro-L-arginine methyl ester (L-NAME) inhibits eosinophil migration both in vivo and ex vivo in response to several stimuli, indicating that NO plays an essential role in eosinophil locomotion (18) . Here we present immunohistochemical evidence for the existence of types II and III NOS in rat peritoneal eosinophils. In addition, by using both soluble guanylate cyclase modulators and a cyclic GMP analog, we demonstrate that this system is functionally coupled to the cyclic GMP transduction pathway, and plays a major role in eosinophil locomotion.
MATERIALS AND METHODS
Reagents. L-NAME, N -nitro-D-arginine methyl ester (D-NAME), fMLP, LTB 4 , levamisole, dibutyryl cyclic GMP, chromotrope-2R, sodium nitroprusside, and metrizamide were obtained from Sigma. 2-Amino-5,6-dihydro-6-methyl-4H-1,3-thiazine (AMT), 1-(2-trifluoromethylphenyl) imidazole (TRIM), and 1H- [1, 2, 4] oxadiazolo [4,3, -a] quinoxalin-1-one were supplied by Tocris Cookson (St. Louis). NOS monoclonal and polyclonal antibodies were purchased from Transduction Laboratories (Lexington, KY). Biotinylated goat anti-mouse IgG and streptavidinalkaline phosphatase were bought from Dako and GIBCO͞BRL, respectively. Nitroblue tetrazolium, 5-bromo-4-chloro-3-indolylphosphate, and alkaline phosphatase-conjugated goat anti-rabbit IgG were provided by Promega. Eosin and Permount were supplied by Merck and Fisher, respectively.
Eosinophil Isolation. Eosinophils were obtained from the peritoneal cavity of 10-15 male Wistar rats (200-230 g) and purified on a discontinuous metrizamide gradient (19) . Briefly, the animals were killed with an overdose of ether anesthesia and the peritoneal cavities were washed with 20 ml of Hanks' balanced salt solution (pH 7.2) containing heparin (20 units͞ml) . The peritoneal washings obtained from the animals were pooled and centrifuged at 1,000 ϫ g for 18 min at 20°C in a Hermle model Z 360 K centrifuge (Germany). Metrizamide was dissolved in MEM (pH 7.2) containing 0.1% gelatin. The discontinuous gradient was prepared by carefully layering 2.5 ml of decreasing concentrations of metrizamide solutions (23.5, 20 , and 18%, wt͞vol) into a conical propylene tube. The resulting leukocyterich pellet was gently resuspended in 18% metrizamide (2.5 ml) and layered over the top of the metrizamide gradient. The gradient tube was first centrifuged at 90 ϫ g (11 min at 20°C) and then at 1,000 ϫ g (14 min at 20°C). The gradient zone containing the eosinophils (between the 23.5% and 20% gradients) was removed and washed twice in MEM. The final cell suspension contained 80-90% eosinophils. Cell viability (Ͼ90%) was assessed by the trypan blue dye exclusion test. Before testing, the eosinophil suspension was resuspended in MEM to give a final concentration of 5 ϫ 10 6 cells͞ml. Chemotaxis Assay. The eosinophil migration assay was performed by using a 48-well microchemotaxis chamber (20) . Briefly, 50 l of the eosinophil suspension (5 ϫ 10 6 cells͞ml) were added to the upper compartment of the microchemotaxis chamber (Neuroprobe, Cabin John, MD) and separated from the chemotactic agents in the lower compartment by a polycarbonate filter with polyvinylpyrrolidone (3 m pore size; Nucleopore, Pleasanton, CA). MEM was substituted for the chemotactic agent to measure random migration. The loaded chambers were incubated for 2 h at 37°C in a 5% CO 2 atmosphere and the filters were removed, fixed in methanol for 1-2 min, stained with Diff-Quick (Baxter Health Care, Mundelein, IL), and mounted on a glass slide. Chemotaxis was quantified by counting the eosinophils that migrated completely through the filter in five random high-power fields (HPF; ϫ1,000) per well. Chemotactic activity was expressed as the mean number of migrated cells per HPF. The chemotactic agents used in this study were N-formyl-methionyl-leucylphenylalanine (fMLP; 5 ϫ 10 The cells were fixed with freshly prepared 4% (wt͞vol) paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4, for 15 min. The cells were washed with 0.05 M Tris⅐HCl buffer, pH 7.4, containing 0.15 M NaCl, dipped in water thrice, and dried. All operations were carried out at room temperature.
Anti-NOS Antibodies. NOS II and III expression was detected by using affinity purified mouse mAbs anti-types II (clone 3) and III (clone 6) NOS, diluted 1:10 (vol͞vol) and 1:100 (vol͞vol), respectively, in blocking buffer [0.02 M sodium phosphate buffer, pH 7.4, containing 0.45 M sodium chloride, 0.2% (wt͞vol) Triton X-100 (New England Nuclear), 5% (wt͞vol) defatted dry milk, and 15% (vol͞vol) normal goat serum]. Type I NOS was detected by using an affinity purified rabbit polyclonal antibody diluted 1:10 (vol͞vol) in blocking buffer.
Immunostaining. Eosinophils were hydrated with 10 mM sodium citrate buffer, pH 6.0, for 30 min. NOS-like immunoreactivity was retrieved by boiling the hydrated cells in 10 mM sodium citrate buffer, pH 6.0, in a microwave oven (Sharp, model RB 4A33) for 15 min. Microwave settings were adjusted to obtain maximum power. The slides were cooled for 20 min at room temperature, and the cells then rinsed and incubated sequentially in 0.1 M Tris⅐glycine, pH 7.4, and in blocking buffer, for 30 min each. Subsequently, the cells were incubated with anti-NOS antibodies diluted as described above. In control sections, primary antibodies were substituted with blocking buffer. After incubation, the cells were washed with 0.02 M sodium phosphate buffer, pH 7.4, containing 0.45 M sodium chloride, 0.2% (wt͞vol) Triton X-100 (buffer A). Detection of type I NOS antibody was carried out by using an alkaline phosphatase-conjugated goat anti-rabbit IgG, diluted 1:500 (vol͞vol) in blocking buffer. Detection of types II and III NOS antibodies was carried out by using a biotinylated goat anti-mouse IgG, followed by an incubation with streptavidin-alkaline phosphatase. After each immunochemical incubation step, the cells were washed with buffer A. The alkaline phosphatase reaction was developed using nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate in the presence of 2 mM levamisole, for 30 min (21). The reaction was stopped with water. The cells were then counterstained with eosin or chromotrope-2R (22) , dehydrated, cleared with xylene, and coverslipped with Permount. All operations were carried out at room temperature.
Statistical Analysis. Data are presented as the mean Ϯ SEM and were analyzed by ANOVA for multiple comparisons followed by Duncan's test. A P value of Ͻ0.05 was considered to indicate significance.
RESULTS

Expression of Types II and III NOS Immunoreactive-Like
Isoforms in the Rat Eosinophil Preparations. Types II and III NOS immunoreactivity were strongly expressed and localized in cytoplasmic granules of purified rat peritoneal eosinophils (Fig. 1) . Types II and III NOS immunoreactivity were detected in 30.2 Ϯ 11.6% and 24.7 Ϯ 7.41% (mean Ϯ SD) of at least 1,700 counted cells, respectively. In contrast, type I NOS immunoreactivity was detected in very few cells (Ͻ0.5%).
Involvement of NO in the Eosinophil Migration Induced by fMLP and LTB 4 in vitro.
The chemotactic agent fMLP (5 ϫ 10 Ϫ8 M) caused significant eosinophil chemotaxis (7.6 Ϯ 0.6 eosinophils͞HPF) compared with random migration (3.1 Ϯ 0.6 eosinophils͞HPF; P Ͻ 0.05, n ϭ 3). Fig. 2 shows that incubation of rat peritoneal eosinophils (30 min, 37°C) with the NO synthesis inhibitor L-NAME (0.1-1.0 mM; n ϭ 3) dosedependently inhibited the fMLP-induced chemotaxis whereas the inactive enantiomer D-NAME (0.1-1.0 mM; n ϭ 3) had no significant effect on the chemotactic response.
The inhibition of fMLP-induced eosinophil chemotaxis by L-NAME (0.5 mM) was completely restored by coincubating the cells with either 0.1 mM sodium nitroprusside or 1 mM dibutyryl cyclic GMP (7.7 Ϯ 0.4, 4.4 Ϯ 0.3, 8.7 Ϯ 0.9, and 8.2 Ϯ 0.5 eosinophils͞HPF for control, L-NAME, sodium nitroprusside ϩ L-NAME, and dibutyryl cyclic GMP ϩ L-NAME, respectively).
The The compound AMT significantly reduced the fMLPinduced eosinophil chemotaxis in the concentration range of 0.1-1.0 mM (Fig. 3) . At the same concentrations, TRIM also caused a significant inhibition of the fMLP-induced chemotaxis (Fig. 3) .
L-NAME, AMT, and TRIM (0.1 and 1.0 mM each) also caused a significant inhibition of the LTB 4 (10 Ϫ8 M)-induced eosinophil chemotaxis (Fig. 4) , whereas D-NAME (1.0 mM) had no significant effect (6.9 Ϯ 0.3 and 6.0 Ϯ 0.4 eosinophils͞HPF in the absence and presence of D-NAME, respectively; n ϭ 3).
DISCUSSION
Our results clearly demonstrate the existence of a functional NOS system in rat peritoneal eosinophils. This conclusion is based on the pharmacological results showing that NO syn- Type II NOS expression is associated mainly with cell activation in pathological conditions (24) , and it is possible that this expression may be because of the activation process that eosinophils undergo when migrating to the peritoneal cavity. The finding that the type II NOS inhibitor, AMT (25) , significantly decreased eosinophil migration further supports the existence of the isoform in this cell type. Although the immunohistochemical data suggest the presence of two NOS isoforms in eosinophils, the possibility cannot be excluded that these cells express an alternative NOS isoform that reacts to both antibodies used here. Further purification of the eosinophil NOS(s) is desirable to fully characterize the isoform(s) involved: however, some difficulties are presented because we are dealing with a mixed cell population. This work is currently in progress.
Although NO has other actions independent of cGMP formation (26) (27) (28) , the findings that the inhibition of eosinophil migration was mimicked by the soluble guanylate cyclase inhibitor 1H-[1,2,4]-oxidiazolo [4,3,-a] quinoxalin-1-one and that it was reversed by the cyclic GMP mimetic, dibutyryl cyclic GMP, indicate an essential role for this second messenger in eosinophil migration. This is further supported by evidence that unconventional NO donors such as azide and hydroxylamine inhibit apoptosis in isolated eosinophils, an effect mimicked by permeable cyclic GMP analogs (29) .
Asthma is characterized by bronchial hyperreactivity and an increase in eosinophil migration (30) . Use of inhaled corticosteroids has been associated with clinical improvement and a decrease in both of these parameters (31) (32) . Because glucocorticoids are known to inhibit type II NOS induction (33) (34) , our findings raise the exciting possibility that the clinical improvement experienced by patients with chronic treatment results from the inhibition of type II NOS expression in eosinophils. It will be important to evaluate whether type II NOS inhibitors are useful in the treatment of asthma. 
